The temporal behavior of a single quantum system may contain information, for instance about macroscopic dark periods in electron shelving, which is washed out or even lost in ensemble averages. The same is true in principle for spectral information. For example, for an atom with light and dark periods one might try to spectrally analyze the light emitted in a light period of given length or, more generally, the light emitted into one solid angle while monitoring the temporal emission in another solid angle. Considering di erent emission behaviors one may get di erent spectra, i.e. spectra dependent on the conditions imposed. In this paper such questions, in particular the notion of spectrum in a light period, are studied. To this end we generalize the recent quantum jump approach to include resonance uorescence spectra of single atoms. We explicitly show that the theory developed in this paper easily generalizes, e.g. to absorption spectra. We apply the theory to a V system which has one meta-stable level and which may exhibit intermittent uorescence when driven by two lasers. We show that the spectrum of resonance uorescence of the complete ensemble di ers substantially from that observed in a light period. A physical explanation of this behavior is presented.
I. Introduction
Resonance uorescence of laser-driven atomic multi-level systems and both its spectral as well as statistical, time-resolved, properties have been intensely studied. A famous example is the well-known Mollow spectrum 1, 2] of a laser-driven two-level system with a central peak and two sidebands for su ciently strong driving. Other examples are the anti-bunching of light emitted by a single atom 3, 4, 5] and electron shelving or macroscopic dark periods 6, 7] . Spectral properties usually involve ensembles and intensity correlations single systems 8] .
More recently, we have investigated the stationary resonance uorescence spectrum of an ensemble of V systems (cf. Fig. 1 ), which can exhibit extended light and dark periods, and it was shown analytically and numerically that there is an additional narrow peak on the strong transition 9]. We explained this as a consequence of the stochastic modulation of the resonance uorescence by the intermittent dark periods. If correct this interpretation would imply that this narrow peak should be absent when the spectrum is observed when no dark periods occur. It therefore suggests itself to investigate the spectrum of a single atom in a su ciently long light period to check this.
For this both spectral as well as temporal properties of the emitted radiation are required, and thus care is needed with the time-energy uncertainty relation. This can be done by assuming time-resolved photon measurements with a broadband detector in a solid angle B for the determination of light periods and by analyzing the spectrum in another, disjoint, solid angle, S say, as in Fig. 2 . The broadband detector in B is thus used as a device to trigger the spectrometer and to keep only spectral information conditioned to light periods of given length in the solid angle B . More generally, one may consider a particular sequence of photon detection times, t 1 ; t 2 ; : : :; in the broadband detector and only spectrally analyze the radiation in the solid angle S if this particular sequence occurs, or one can look for light periods of length at least T and analyze the corresponding spectra at time T after the beginning of the periods.
In this paper we will calculate such spectra for a single atom. To do this we give the correct generalization of the quantum jump approach ( or Monte-Carlo wave-function approach or quantum trajectories) 10, 11] applicable to our problem. The point is that one has to nd the correct time evolution between successive detections in the broadband detector as well as the correct state after the detection of a photon. Since it is known that di erent choices can lead to the same results for the complete ensemble they need not describe a single system whose resonance uorescence is observed by a broadband photon counter. In fact, di erent possible evolution equations belong to di erent detection schemes, e.g. quantum di usion equations to homodyne or heterodyne detection instead of photon counting. We rst derive expressions for the expectation of conditional spectra, under the condition of given detection times in the broadband detector in the solid angle B and then average by a simulation procedure over many sequences of detection times compatible with the given light period.
For resonance uorescence spectra of the complete ensemble simulation approaches have already been discussed by other authors 12, 13] . But questions concerning single systems and conditional spectra have not been treated and it is not obvious whether or not the results of Refs. 12, 13] can be used for such questions 14] . The results for the emission spectrum in Ref. 12] turn out to be a special case of our general equations in Section II below, although our methods are completely di erent.
The approach presented in this paper gives the evolution equations necessary for the calculation of conditional resonance uorescence spectra. It is based on physically observable quantities (photon numbers) and is easily generalized to other spectra, such as the absorption spectrum of a single atom, and it can also be used for e cient wave-function simulations of these quantities for the complete ensemble. This may be interesting for the application to complex systems with a large number of energy levels.
Our paper is organized as follows. In Section II we generalize the quantum jump approach and develop a theory for the calculation of conditional resonance uorescence spectra. Generalizations to other quantities, as for example the absorption spectra, are given. In Section III the theory is used to investigate the spectrum of resonance uorescence of a single V system in a light period. We nd that such a spectrum can di er substantially from that of the complete ensemble. In particular the narrow peak which we recently found in the spectrum of resonance uorescence of the complete ensemble of V systems 9] can vanish. We show that the reason is not a spectral broadening due to the nite length of the light periods | for this broadening can be made negligible by considering su ciently long light periods | but rather to the fact that the resonance uorescence in light periods is not modulated anymore by intermittent dark periods. In Section IV we summarize and discuss the results.
II. General theory
Before generalizing it we recall that the usual quantum jump approach can be derived by considering rapidly repeated measurements of the complete quantized radiation eld 15], where a detected photon is assumed to be absorbed, although this last assumption is not necessary 16]. The time evolution can then be divided into the evolution between successive detections and the determination of the state after a detection, the so-called reset state 11] . Let the measurements of the complete quantized radiation eld (4 broadband detector) be performed in rapid succession at times s 1 ; : : : ; s n . The state at time t = s n of the subensemble for which in all these measurements no photon has been found is denoted by (s n j;), where ; stands for empty set, and in a suitable interaction picture it is given in terms of the projection operator P 0 onto the vacuum state of the quantized radiation eld as (s n j;) = P 0 U I (s n ; s n?1 ) P 0 : : : P 0 U I (s 1 ; 0) (0)U y I (s 1 ; 0) P 0 : : : P 0 U y I (s n ; s n?1 ) P 0 ; (1) according to the von Neumann-L uders projection postulate 17]. The normalization is chosen such that the trace of (s n j;) is just the relative size of this subensemble, i.e. the probability for this event. This probability, and thus the trace, decreases with successive measurements since those systems which have emitted a photon leave the subensemble. The time di erence s k ? s k?1 of two successive measurements has to be small compared to all time constants of the atomic time evolution, to ensure that at most one photon is emitted in the time interval s k?1 ; s k ]. If the initial state is of the form (0) = A j0 ih0 j ; (2) i.e. the quantized radiation eld is initially in the vacuum state, one can now calculate P 0 U(s k ; s k?1 ) P 0 in second order perturbation theory. Putting t = s n one nds an expression of the form 15] (tj;) = U red (t; 0) (0)U y red (t; 0) : (4) This presupposes that the time evolution U red (t; 0) maps pure states onto pure states 18] . With the chosen normalization of (tj;) the probability to nd no photon in 0; t] for a single atom is given by P 0 (tj (0)) = trf (tj;)g (5) where (0) is the initial state at t = 0.
If a photon is detected in the measurement at time s n , but not before, the reset state after this detection is given by 11] r (s n ) = tr R n (1 ? P 0 )U I (s n ; s n?1 ) (s n?1 j;)U y I (s n ; s n?1 )(1 ? P 0 ) o P 0 (6) where again the normalization is such that the trace of r (s n ) is the probability for this event.
It is assumed here that the detector absorbs the photon during the measurement process. Then the state after the detection is of the form (2) and one proceeds with Eq. (3) to continue the time evolution until the next detection of a photon. Eq. (6) can be calculated in rst order perturbation theory and one obtains an expression of the form 11] r (t) = R (s n?1 j;)
where R is a suitable superoperator. If R maps pure states onto pure states one can nd an operator C such that r (t) = C (tj;)C y : (8) With the help of (3) and (7) or (4) and (8) one can now calculate the state of the atom for a given set of detection times, t 1 ; t 2 ; : : : say. On the other hand, one can also simulate the emission path of a single radiating atom with the help of the distribution of emission times derived from P 0 (t). If one would try to measure the spectrum of these photons one would nd it extremely broadened, due to the time-energy uncertainty relation.
Generalization of the quantum jump approach
We now restrict the time-resolved broadband measurements to some solid angle B , as in Fig. 2 . If a photon is found, and absorbed, one has to project onto the vacuum state for all modes whose k vector points into the solid angle B ; to all other modes one has to apply the identity operator. Hence one cannot assume that the complete quantized radiation eld is in the vacuum state as in the usual quantum jump approach. For the conditional spectrum in S we choose the photon number of particular modes as observables 14] and consider the subensemble where photons are found in the broadband detector at times t 1 ; : : : ; t n < t and no photons in all intervening measurements at times s k i 2 t k ; t k+1 ]; i = 1; : : : ; m k , with s k 0 t k . As in the usual quantum jump approach we assume that the s k j+1 ?s k j are smaller than all the time constants of the atomic time evolution, but larger than the inverse transition frequencies. The density operator for this subensemble, in a suitable interaction picture, is denoted by (tjt 1 ; t 2 ; : : :), where again the normalization is such that the trace is the probability of this event.
We now de ne the conditional quantity S cond (!;k ; t) h! k trfa y k (0)a k (0) (tjt 1 ; t 2 ; : : :)g ; (9) where ! = jkj=c;k = k=jkj, and we assume that k is a vector pointing into the solid angle S of the spectrometer. The conditional spectrum of resonance uorescence is now obtained by summing over all vectorsk in S . For the calculation of (9) we need the state (tjt 1 ; t 2 ; : : :). 
we nd, for t n < t < t n+1 , (tjt 1 ; t 2 ; : : :) = A (t n + 0jt 1 ; : : : ; t n?1 )A y (11) where (t n + 0jt 1 ; : : : ; t n?1 ) is the state right after the detection of a photon in B ; it is recursively given by (t n + 0jt (12) Here tr B f:g denotes the partial trace over all modes with a k vector that points into the solid angle B . As in the usual quantum jump approach, at this point the assumption enters that the photons detected in the broadband detector are absorbed during the measurement as in a real counter. One can show, however, that this assumption is not necessary for obtaining the equations of motion of this section 16].
In the following we are going to derive the equations of motion for the quantity (9) (15) One obtains (9) from (13) 
Now we are going to derive the equations of motion of (13) for the V system of Fig. 1 (21) where k is the polarization vector of the quantized mode k , D i1 = hijxj1i is the transition dipole moment of the i $ 1 transition and V the quantization volume, later taken to in nity.
It is convenient to go over to an interaction picture with respect to
We then obtain the Hamiltonian in the interaction picture as 
and the detuning
The state after the detection of a photon in the broadband detector First we simplify the state after the detection of a photon in the broadband detector which is given by (12) . To this end we evaluate U I (t n ; s n?1 m n?1 ) in rst order perturbation theory, insert it in (12) (30) we have shown that the operations of taking the partial trace and multiplication with the projection operator P 0 B can be abbreviated in Markov approximation by the action of C and C y . This allows us to rewrite (tjt 1 ; t 2 ; : : :), and upon inserting it into (13) we obtain for (13) the following form. To simplify notation we introduce for any operator Q the operator Q 0 (t) by Q 0 (t) U y I (t; 0) P 0 B Q P 0 B U I (t; 0)
and use the subscript M to label a certain xed mode with wave vector k and polarization .
With the abbreviation
where P 0 B (t) and C(t) are de ned similar to (33) without P 0 B (t), we then nd for (13) trfa y
Note that the expectation value on the right is taken in the state (0) while the left hand side of (35) is the expectation value of a y M (0) (0)a M (0) in the state (tjt 1 ; t 2 ; : : :).
No-photon time evolution
We are interested in the time evolution of (35) between successive detections and therefore we calculate the time derivative of the operator
for which we will derive a Heisenberg-Langevin equation. Inserting (23) and using for k 2 B the relations a k P 0 B = P 0 B a y
The last two terms already show that we will not nd an equation for (a y M a M ) 0 (t) alone, but a coupled set of equations with the operators ( a M ) 0 (t); (a y M ) 0 (t) and ( ) 0 (t). Since the calculations are all very similar we will not give them explicitly. Now one inserts
and its hermitian conjugate into (38) and applies the Markov approximation. To simplify the notation we introduce the abbreviations
with = ! M ?! 2 , and the Langevin terms
We de ne the 9 
where we introduced the abbreviations L S ; X(t) and F S (t) to shorten notation. As already mentioned above there is no closed equation for (a y k a k ) 0 (t) alone, but a set of coupled equations together with (a y k ) 0 (t); ( a k ) 0 (t) and ( ) 0 (t). and We now insert the Heisenberg-Langevin equations into the time derivative of the right hand side of Eq. (35). We then nd d dt hP y n X(t)P n i = L S hP y n X(t)P n i + hP y n F S (t)P n i :
Discussion of Langevin terms
We now deal with the second contribution on the right hand side of (51). We are going to show that it is negligible, which will considerably simplify the integration of (51). Since F S (t) is linear in a k (0) and a y k (0) and the expectation value is taken in the state (0) given by (2) with the quantized radiation eld in its vacuum state, hF S (t)i vanishes. However, the vanishing of hP y n F S (t)P n i is not obvious since the a k (0) and a y k (0) do not act on the vacuum state directly, but on the operator P n . In the following, however, we will show that it is possible in hP y n F S (t)P n i to commute the E a (t) and E a S (t) | which contain a k (0) and a y k (0) | to the right and the E c (t) and E c S (t) to the left where they act on (0) and vanish. To this end we have to evaluate commutators with the operators P 0 B (t 0 ) and C(t 0 ) which occur in P n .
We only show explicitly how to deal with the commutator E a (t); P 0 B (s 2 
Inserting (39) into (53) Thus we have shown that the time evolution for (35), under the condition that no photon has been found in the broadband detector in the interval (t n ; t], is given by d dt hP y n X(t)P n i = L S hP y n X(t)P n i :
For the state hP y n X(t n + 0)P n i after the detection of a photon at time t n in the broadband detector we nd with (30), or directly from (35), hP y n?1 C y (t n )X(t n )C(t n )P n?1 i. This can be rewritten as hP y n X(t n + 0)P n i = 2? B RhP y n X(t n )P n i (66) where R has matrix elements R 1;2 = R 10;11 = R 19;20 = R 28;29 = 1 and zero otherwise. If one only considers the time evolution of hP y n (t)P n i, i.e. for the state of the atom, and if one assumes a 4 -broadband counter, then (65) and (66) reduce to the ordinary quantum jump approach.
The waiting-time distribution
After the time evolution between detections in the broadband detector and the state after the detection we now determine the probability distribution for the detection times in the broadband detector, also called waiting-time distribution. We de ne the column vector l by l 1 = l 2 = l 3 = 1; l 4 = = l 36 = 0, and the state x(tjt 1 ; t 2 ; : : :) hP y n X(t)P n i = e L S (t?tn) Re L S (tn?t n?1 ) : : :Re L S t 1 x(0) :
The probability, P 0 (tjt 1 ; : : : ; t n ), to nd no photon in the interval (t n ; t], under the condition that one has found photons at the times t 1 ; : : :; t n , is then given by (68) which is just the trace over the atomic density matrix under the assumption that no photon has been found in (t n ; t]. The probability density for the detection of a photon at time t is then given by I Since L S + 2? B R is just the time evolution with no broadband detector present, we nd that x(t) is just the state of the complete ensemble at time t.
In the next section we will be interested in the calculation of the emission spectrum when the atom is in a light period of length at least T. This can be done as follows. We de ne a light period as a sequence of detection times where subsequent detections are separated by less than a given time T 0 . A simulation of such a sequence would now proceed recursively as follows. If t 1 ; : : :; t n have already been constructed, we produce a random detection time t n+1 with the help of the probability density I 1 (tjt 1 ; : : : ; t n ) and calculate the state at time t n+1 as above. If t n+1 T and T ? t n < T 0 we terminate the construction and save the sequence. If t n+1 T but T ? t n T 0 we stop and discard the sequence. If t n+1 < T we go on to produce t n+2 . Repeating this in nitely often and averaging over all saved results we obtain for t T, instead of (70) 
This is the state, for t T, of the subensemble which is in a light period (de ned by T 0 ) of minimum length T.
With the simulation approaches explained above and the averaged results (70) and (71) to which they lead we are able to investigate the emission spectra of single radiating atoms.
>From equation (71) it becomes apparent that the careful analysis given here is necessary because the result x L (t) depends on the decomposition of the operator L into L S and R.
Wave-function approach Until now we have calculated with the 9-component quantities, as for example and their expectation values. That means that we deal with density matrices. In fact this is necessary since for a nite value of S the time evolution always produces mixed states since we trace over all possible events in the spectrometer. However, if one assumes a small spectrometer aperture, i.e. S small, then it is possible to simplify the calculations by working with wave functions, because then we may neglect ? S . This can be seen as follows. For a given sequence of detection times, t 1 ; t 2 ; : : :, in the broadband counter, we consider the three-component column vectors (t) and (t) satisfying, between detections, the equation d dt 
and right after a detection ! (t n + 0) = q 2 ? 22
In terms of i j , i j , i j , and i j we then de ne the 36-column vectorx(tjt 1 ; t 2 ; : : :) bỹ (65) and (66) without having to invoke the theory of continuous measurement of Srinivas and Davies 21] to interpret the meaning of the equations. Also, the generalization of the theory to the description of di erent kinds of spectra is very straightforward in our approach. As an example we show how to extend it to absorption spectra.
The absorption spectrum of a single atom Again we treat the V system depicted in Fig. 1 . The system is now probed by a weak laser which we model here by a mode P which is in a coherent state of amplitude P at t = 0. All other modes are initially assumed to be in the vacuum state. In order to apply the above theory we perform a unitary transformation which maps the initial state of the quantized radiation eld onto the vacuum. This is achieved by the Mollow transformation D(t) D( P e ?i! P t ) exp n P a y p e ?i!pt ? P a P e i!pt o ;
(77) for which j P e ?i! P t i = D( P e ?i! P t )j0i : (78) We now turn to the transformed states j D (t)i D y ( P e ?i! P t )j (t)i ; (79) and in the new picture we go over to an interaction picture with respect to 
where P = 2ig P P . Now the approach derived in this section applies since in the transformed picture the initial state is D (0) = A j0 ih0 j. Because the only change in the Hamiltonian is an additional classical eld in (81) compared to (23), we immediately obtain for the time evolution between successive detections d dt 0 B B B @ hP y n Q 1 (t)P n i hP y n Q 2 (t)P n i hP y n Q 3 (t)P n i hP y n Q 4 (t)P n i
hP y n Q 1 (t)P n i hP y n Q 2 (t)P n i hP y n Q 3 (t)P n i hP y n Q 4 (t)P n i 
and f(t) = i P 2 e i t :
The contribution P(t) is due to the additional classical eld in the Hamiltonian (81). We immediately obtain for the state after the detection of a photon 0 B B B @ hP y n Q 1 (t n + 0)P n i hP y n Q 2 (t n + 0)P n i hP y n Q 3 (t n + 0)P n i hP y n Q 4 (t n + 0)P n i hP y n Q 1 (t n )P n i hP y n Q 2 (t n )P n i hP y n Q 3 (t n )P n i hP y n Q 4 (t n )P n i 1 C C C A ; (85) since in its derivation the classical elds are irrelevant. As for the emission spectrum it is possible to go over to a wave function description as in (73)- (75) if the solid angle covered by the spectrometer is negligible, i.e. in the case of the absorption spectrum the divergence of the laser has to be small because we are now interested only in the weak laser. We de ne the absorption spectrum by the change N(t) of the expectation value of the photon number in the probe, divided by the elapsed time t,
If N(t) > 0 one has ampli cation, if N(t) < 0 one has absorption of the probe. For the calculation of N(t) we need the photon number operatorN in the transformed picture. One obtainsN (t) = U y 0 (t; 0)D y ( P e ?i! P t )a y P a P D( P e ?i! P t )U 0 (t; 0) = a y P a P + a y P P + a P P + j P j 2 :
(87) >From this we nd the photon number in the probe mode to be N(t) = 3 X i=1 n j P j 2 X i (t) + X 27+i (t) + P X 18+i (t) + P X 9+i (t) o : (88) It can be shown that for su ciently large times the absorption spectrum de ned by (86) Therefore we have shown how to derive simulation equations for the absorption spectrum from the basic de nition (86), instead of starting from the nal result (89) as for example in Ref. 12] . The treatment of the absorption spectrum also shows how di erent nonclassical probe beams can be incorporated. For example, starting with an initially squeezed probe mode we may go over via the squeezing operator to a picture where the mode is in the vacuum state and apply the formalism again.
As a last extension of the treatment of the resonance uorescence spectrum we turn to the higher order correlations between di erent photon number states of the mode M. 
The time evolution between successive detections in the broadband detector is given by d dt E l;m (t) = fM S + i(l ? m) gE l;m (t) + m g M VE l;m?1 (t) + l g M WE l?1;m (t) (91) and the state right after detection at t n is given by E l;m (t n + 0) = 2 ? B RE l;m (t n ) :
After having shown how to derive the correct simulation equations for the resonance uorescence spectrum of a single atom and possible extensions to other spectra we are now going to apply the theory to the spectrum of resonance uorescence of a V system with one metastable transition. The results are presented in the next section.
III. The resonance uorescence spectrum of a single V system
In Section II of this paper we have derived simulation equations for atoms on which both time resolved as well as spectrally resolved measurements are performed simultaneously. We now turn to an application of the theory. We investigate the spectrum of resonance uorescence of a V system with one metastable transition and irradiated by two lasers (see Fig. 1 ) For suitable parameters such a system is known to exhibit light and dark periods in its resonance uorescence. We are interested both in the spectrum of resonance uorescence of the complete ensemble as well as that for a single V system in a light period. In the following we assume that the spectrometer is very small ( S is negligible) so that we can use Eqs. (73)- (75) instead of the more general Eqs. (65)-(66). This has the advantage that the simulations are much faster because Eqs. (73)- (75) describe the time evolution of a state vector with 6 elements while Eqs. (65) and (66) 
for the normalized spectrum of resonance uorescence. There are three distinct contributions. S Mollow ( ) is the well known three-peaked Mollow spectrum, S coh ( ) is the Rayleigh peak and S peak ( ) is an extremely narrow peak in the resonance uorescence spectrum of a V system which we have recently been discussed in Ref. 9] . The width ? p of this narrow peak is just the sum of the inverse lengths of light and dark periods, ? p = 1=T D + 1=T L , that occur in the intensity of resonance uorescence of the strong 2 $ 1 transition. In Fig. 3 we have plotted the spectrum of resonance uorescence for the parameters 2 = 2 ? 22 ; 3 = :2 ? 22 and 2 = 3 = 0. The laser driving the 2 $ 1 transition is not su ciently strong for sidebands in the spectrum to become visible 23], whereas the narrow peak is easily seen in this plot. The origin of the peak can be traced back to the modulation of the resonance uorescence due to light and dark periods. A simpli ed model of resonance uorescence simulating this modulation by a classical stochastic process is able to reproduce the narrow peak in the resonance uorescence spectrum. For a more detailed account of this see Ref. 9] . In the following we are going to investigate the resonance uorescence spectrum of the V system for the parameters given in Fig. 3 , but now instead of calculating the spectrum of resonance uorescence for the complete ensemble we restrict ourselves to V systems in a light period. For this purpose we need the theory developed in Section II. At rst glance one is tempted to expect that the spectrum of resonance uorescence will not change when observed only in a long light period because, intuitively, all photons are emitted in a light period. This, however, turns out to be not true. In the following we will exhibit this numerically and give a physical explanation for this behavior.
In our simulation we slightly generalize the notion of a light period in a way suitable for our purposes. Given a time di erence T 0 we call a sequence of photon emissions a light period if the time interval between subsequent emissions is always smaller than T 0 . A time interval between successive emissions that is longer than T 0 is then called a dark period. Usually the time constant T 0 is chosen to be a few lifetimes of the uorescing level (here level 2 with lifetime 1= (2 ? 22 )). However we would like to choose arbitrary values for T 0 because this enables us to investigate the transition from the complete ensemble (T 0 = 1) to the ensemble in a light period (T 0 = few lifetimes of level 2) by simply changing T 0 .
With the help of P 0 (t) and I 1 (t) given in (68) and (69) and for a given maximal waiting time T 0 , we nd for the mean length of a dark period
For T 0 ? ?1 22 the second term is easily evaluated. Then in the integrand only a single exponential of the form p expf?2jIm 1 jt 0 g is relevant where 1 is the eigenvalue of H red in (74) with smallest imaginary part. All other exponentials in P 0 (t 0 ) have essentially dropped o to 0 so that P 0 (t 0 ) is of the form P 0 (t 0 ) = pe ?j2Im 1 jt for t > T 0 ? ?1 22 : 
and thus the mean length of a light period, for given T 0 , is (93) and (94) T 
For the parameters used in Fig. 3 we then obtain T D = 50 ? ?1 22 T L = 150 ? ?1 22 :
We now turn to the simulations of the resonance uorescence spectrum. First we choose T 0 = 1 so that we should obtain the resonance uorescence spectrum of the complete ensemble. In fact, a simulation for the parameters 2 = 2 ? 22 ; 3 = :2 ? 22 and 2 = 3 = 0 with 1000 runs, shown in Fig. 4 , exhibits very good agreement of the simulation results (dots) with the exact results (solid line). The small deviations are due to the nite number of runs which results in an uncertainty of about 3%. After having shown that the simulation is able to reproduce the resonance uorescence spectrum of the complete ensemble we now investigate the transition from the complete ensemble (T 0 = 1) to the ensemble in a light period (T 0 = 50 ? 22 ). In Fig. 5 we have plotted the spectrum of resonance uorescence for the same set of parameters as in Figs. 3 and 4 , but now for nite values of T 0 , i.e. T 0 = 50; 75; 100; 150; 200 ? ?1 22 . The simulation time for each run was T = 15000 ? ?1 22 , i.e. we assumed a light period of at least this length. Of course, light periods of such a length, for example with T 0 = 50 ? ?1 22 , are rare, but we wanted to rst treat the case where spectral broadening of the Rayleigh peak due to the nite measurement time is negligible. In Fig. 5 one sees that the amplitude of the narrow peak rapidly decreases with diminishing values of T 0 . Therefore, by observing the resonance uorescence spectrum exclusively in a light period one destroys the narrow peak in the spectrum. One also sees from Fig. 5 that only the narrow central peak is signi cantly a ected by the restriction to light periods. For :1 ? 22 the spectra for di erent T 0 coincide almost exactly. Because of the long measurement time T chosen here the vanishing of the narrow central peak is not due to a broadening of the spectrum by the time-energy uncertainty relation.
Since light periods with lengths T = 15000 ? ?1 22 are rare we also present results for light periods whose length are at least T = 2800 ? ?1 22 ; T = 1500 ? ?1 22 or T = 1000 ? ?1 22 . From the fact that the lengths of the light and dark periods approximately obey a Poissonian distribution we easily nd that light period of length of at least T = 1000 ? ?1 22 are quite probable. For example, for T 0 = 75 ? ?1 22 the probability for a light period with length exceeding T = 1000 ? ?1 22 is :268, which is quite large. Of course, in these cases we have, due to the shorter measurement intervals (length is at least T), a noticeable broadened Rayleigh peak whose width is essentially proportional to 1=T. But as one sees from Figs. 6-8, the narrow peak is still there and also its characteristic dependence on T 0 is clearly visible.
These results can now immediately be carried over to a single V system. For suitable parameters such a system exhibits, when monitored by a broadband detector in the solid angle B , intermittent light and dark periods. Triggered by the detector, one can analyze the spectrum in another solid angle S for su ciently long light periods at a time T after their respective beginning. The mean of these spectra coincides with what we have calculated.
In this section we have presented simulation results for the resonance uorescence spectrum in a light period and have shown that the original narrow peak in the spectrum of the complete ensemble becomes smaller and nally disappears for increasing length of the light period. It is also possible to calculate the amplitude and width of the narrow peak as a function of T 0 . Since the resulting expressions are quite complex we do not give them here explicitly.
It may seem surprising at rst glance that the narrow peak in the resonance uorescence spectrum disappears when one observes the spectrum in a light period instead of looking at the complete ensemble. However, there is a fairly simple explanation for this behavior. In a recent publication 9] we have shown that the narrow peak in the spectrum of resonance uorescence can be understood if one models the resonance uorescence of the V system by a radiating two-level system whose resonance uorescence is randomly turned on and o . The process of turning the resonance uorescence on and o is described by a random telegraph process with Poissonian distributions for the jump times from 0 to 1 and vice versa. This random modulation has the e ect that the Rayleigh peak, which describes the coherent part of the radiation scattered by the two level system, splits into a delta function and a narrow Lorentzian. The latter gives rise to the narrow peak in the spectrum of resonance uorescence. This model gives good quantitative agreement with the analytical results derived from Bloch equations and the quantum regression theorem. If we observe the spectrum of resonance uorescence in a light period the resonance uorescence of the strong transition is no longer modulated by dark periods, which in turn has the e ect that the Rayleigh peak is no longer broadened. Since the narrow peak in the spectrum of resonance uorescence is just the broadened part of the Rayleigh peak we understand that it must be missing when observed in a light period, because there is no modulation of resonance uorescence due to dark periods.
IV. Discussion of results. Conclusions
This paper was motivated by questions about spectral properties of a single, laser-driven multilevel atom, as opposed to questions about spectral properties of a complete ensemble. As is known from a previous paper of ours 9], unexpected spectral features can occur in the steady-steady ensemble spectrum of systems which exhibit electron shelving, i.e. macroscopic light and dark periods. It therefore suggests itself to study the spectrum of radiation emitted in a light period. This is a question which can only be studied for single systems since light and dark periods of di erent atoms in general overlap. In order to know that a driven atom is in a light period, the emitted photons have to be monitored in a time-resolved way. To circumvent any problems with the time-energy uncertainty relation we have developed a theory which allows to simultaneously study time-resolved properties, i.e. photon statistics, in one solid angle, B , and spectral properties in another, S . This led us to the notion of the conditional spectrum, for example the spectrum of the radiation emitted into S until some time t, under the condition that a particular temporal emission pattern of photons is found in B . The theory developed above allows one to calculate, for given emission pattern, the expectation value of a y k a k and generally the expectation value of (a y k ) m (a k ) n . Physically this corresponds to a situation where one considers only atoms with the same temporal pattern of emission into the solid angle B between time 0 and t, measures the spectrum in the solid angle S for each atom and forms the mean of these spectra. In general there will be deviations of the individual spectra from the mean, i.e. uctuations. These can also be determined by the theory and they will decrease with increasing radiation analyzed by the spectrometer, and thus with time t and the aperture.
The theory has been applied to a single driven three-level V system and to spectral properties of radiation emitted into a solid angle S during light periods, with the light periods monitored in a solid angle B . The photon statistics of an atom with light and dark periods have two very di erent time scales, and one usually chooses an intermediate time, T 0 , to characterize a light period as an emission pattern with T 0 as maximal waiting time between photons emitted into B . We have slightly generalized this by allowing arbitrarily large waiting times. This has permitted us to study the transition to the stationary spectrum of the complete ensemble.
A collection of V systems was considered, all in a light period starting at time 0 and lasting at least until time t. All temporal emission patterns in the solid angle B until time t, compatible with such light periods, were considered. For each pattern the corresponding conditional spectrum in S at time t was calculated and then the mean of the spectra over all emission patterns was formed.
To a single V system this applies as follows. One samples the light periods of a single atom and determines, for each of the sampled light periods with the respective temporal emission pattern in the solid angle B , the spectrum of the radiation emitted into the solid angle S from the start of the period until t sec later. The mean of these spectra is precisely what we have calculated and what we have called the spectrum of an atom in a light period. This should be amenable to experimental veri cation for a single ion in a trap.
We have presented numerical calculations of spectra in a light period for a V system which has one metastable state and which is driven by two lasers. In a previous paper 9] we had studied the stationary ensemble spectrum of such systems and had found, for the above parameter range, an additional, extremely narrow peak in the spectrum. We had explained this peak through the modulation of the radiation by the dark periods. If correct, this explanation would imply that the peak should disappear for the spectrum in a light period. This is indeed what we found.
We thus conclude that the spectrum in a light period of a single atom may be signi cantly di erent from the ensemble spectrum. It would be interesting to check this predicted e ect experimentally. Fig. 1 : The V system. Two upper levels 2 and 3 couple to a common ground state 1. The transition frequencies are assumed to be far apart so that each of the two lasers driving the system couples to only one of the transitions. The 2 $ 1 transition is assumed to be strong while the 3 $ 1 transition is weak. Fig. 2 : Schematic picture of a possible experimental setup. The atom at the origin emits photons in all directions. In the solid angle B a broadband detector performs time resolved measurements on the photons. A spectrometer is placed in the solid angle S . Fig. 3 : The steady-state spectrum of resonance uorescence for an ensemble of V systems for 2 = 2? 22 ; 3 = :2? 22 and 2 = 3 = 0. There is a narrow peak at the origin. The approximate results (dots) coincide very well with the exact spectrum (solid line). Fig. 6 , but now for light periods longer than T = 1500 ? ?1 22 . The Rayleigh peak is even more broadened than in Fig. 6 . The amplitude of the narrow peak decreases with T 0 . 
